1. Introduction {#sec1-polymers-11-00320}
===============

Free radical polymerization (FRP) is currently one of the most commonly applied industrial polymerization techniques, due to its relative insensitivity to impurities, compatibility with a wide range of monomers, and the possibility to use multiple reaction media including bulk, solution, suspension, and emulsion \[[@B1-polymers-11-00320],[@B2-polymers-11-00320],[@B3-polymers-11-00320],[@B4-polymers-11-00320],[@B5-polymers-11-00320],[@B6-polymers-11-00320],[@B7-polymers-11-00320],[@B8-polymers-11-00320],[@B9-polymers-11-00320],[@B10-polymers-11-00320]\]. A drawback is the limited structural control at the molecular level, with a high dispersity (\>1.5) and a restricted functionality degree in view of the synthesis of complex well-defined macromolecular architectures. To overcome this drawback, reversible deactivation radical polymerization (RDRP) or controlled radical polymerization (CRP) techniques have been developed, allowing to regulate the molecular structure of individual polymer chains and design novel molecular architectures such as block, star, comb-like, and dendritic (co)polymers inaccessible by FRP \[[@B2-polymers-11-00320],[@B4-polymers-11-00320],[@B5-polymers-11-00320],[@B7-polymers-11-00320],[@B11-polymers-11-00320],[@B12-polymers-11-00320],[@B13-polymers-11-00320],[@B14-polymers-11-00320],[@B15-polymers-11-00320],[@B16-polymers-11-00320]\].

Despite that several RDRP techniques have been proposed over the last decennia, reversible addition-fragmentation chain transfer (RAFT) polymerization is one of the most promising ones due to its direct resemblance to FRP regarding the order of magnitude of the polymerization rate \[[@B17-polymers-11-00320],[@B18-polymers-11-00320],[@B19-polymers-11-00320]\]. In view of prospective industrial operation, RAFT polymerization in a dispersed medium with water as the continuous phase is preferred, as it reduces the risks of overheating and runaway as a result of the highly exothermic nature of radical polymerization \[[@B2-polymers-11-00320],[@B20-polymers-11-00320],[@B21-polymers-11-00320],[@B22-polymers-11-00320],[@B23-polymers-11-00320],[@B24-polymers-11-00320],[@B25-polymers-11-00320]\]. High monomer conversions can also be targeted without the increasing viscosity becoming a very critical issue as in bulk polymerization, which minimizes potential problems with residual monomer removal \[[@B26-polymers-11-00320],[@B27-polymers-11-00320]\]. Moreover, for well-chosen (average) particle sizes the kinetics are influenced by compartmentalization as reactants are confined within discrete spaces with active particles even possessing only one radical so that the livingness of the RAFT polymerization can be increased compared to the bulk RAFT process \[[@B28-polymers-11-00320],[@B29-polymers-11-00320],[@B30-polymers-11-00320],[@B31-polymers-11-00320],[@B32-polymers-11-00320],[@B33-polymers-11-00320],[@B34-polymers-11-00320],[@B35-polymers-11-00320],[@B36-polymers-11-00320]\].

A RAFT emulsion polymerization with an idealized initial state is RAFT miniemulsion polymerization ([Figure 1](#polymers-11-00320-f001){ref-type="fig"}; black box; special case of water as opposed to oil soluble initiator and oil soluble initial RAFT agent) in which the polymerization occurs in kinetically stable monomer droplets (50--500 nm) realized by high shear homogenization or ultrasonification, making aqueous phase transport of hydrophobic RAFT agent, as in conventional (macro)emulsion, not an issue \[[@B4-polymers-11-00320],[@B21-polymers-11-00320],[@B34-polymers-11-00320],[@B37-polymers-11-00320],[@B38-polymers-11-00320],[@B39-polymers-11-00320],[@B40-polymers-11-00320]\]. Under well-defined conditions, droplet coalescence or aggregation, monomer diffusion can be restricted and, hence, the initial monomer droplet size distribution is more or less the particle size distribution \[[@B41-polymers-11-00320]\]. A challenge remains to control the reaction rates, taking into account that radicals (besides monomer) can undergo mass transfer due to the heterogeneous nature of the process, as displayed in [Figure 1](#polymers-11-00320-f001){ref-type="fig"} with reactions in the aqueous phase in the blue box, reactions in the organic phase in the orange box, and phase-transfer events in the red box.

As shown [Figure 1](#polymers-11-00320-f001){ref-type="fig"}, the water soluble initiator (*I~*2*,aq~*) forms initiator fragments (*I~aq~*) that subsequently add to monomer (*M*) until oligomeric species are formed that are too hydrophobic (e.g., critical chain length for styrene, monomer in the present work: 2) to remain in the aqueous phase so that entry (interphase mass transport (i) in [Figure 1](#polymers-11-00320-f001){ref-type="fig"}) into a droplet/particle occurs. There the oligomers can grow to 'true' macroradicals (*R~i~*; i: chain length), which in contrast to FRP do not dominantly terminate to create dead polymer species (*P*) but can also add to the initial RAFT chain transfer agent (CTA, *R~*0*~X*), forming a *first* RAFT intermediate radical type (*R~i~XR~*0*~*, reaction (t) in [Figure 1](#polymers-11-00320-f001){ref-type="fig"}). Due to the instability of this adduct-radical, fragmentation occurs resulting in either the starting compounds (*k~frag,a~*) or a dormant macrospecies (*R~i~X*) and a RAFT CTA derived leaving group radical (*R~0~*) (*k~frag,b~*). The latter radical is capable of re-initiating the polymerization (*k~p,R0~*, reaction (s) in [Figure 1](#polymers-11-00320-f001){ref-type="fig"}) but can also undergo mass transfer to the aqueous phase (event (l) in [Figure 1](#polymers-11-00320-f001){ref-type="fig"}). Furthermore, addition of a macroradical to a dormant macrospecies leads to the formation of a *second* type of RAFT intermediate radical characterized by two arms of in general two different lengths (*R~i~XR~j~*, reaction (u) in [Figure 1](#polymers-11-00320-f001){ref-type="fig"}). Its fragmentation (*k~frag~*) can result in the reactivation of the dormant macrospecies while temporarily deactivating the original growing macroradical. If the resulting exchange/transfer of the radical function between growing and dormant macrospecies occurs fast enough, concurrent growth of all the dormant chains can be achieved. Note that a *third* type of RAFT intermediate radical (*R~*0*~XR~*0*~*) can be present in the particles, formed by the addition of the leaving group radical *R*~0~ to the initial RAFT CTA *R~*0*~X* (reaction (v) in [Figure 1](#polymers-11-00320-f001){ref-type="fig"}). Hence, five types of radicals (*R~*0*~XR~*0*,p~*, *R~i~XR~*0*,p~*, *R~i~XR~j,p~*, *R~*0*,p~* and *R~i,p~*) can exist in the particles. Considering also the aqueous phase (and the maximal chain lengths) 6 more radicals (*I~aq~*, *R(')~1,aq~*, *R(')~*2*,aq~*, and *R~*0*,aq~*) exist, ignoring the exit/entry of RAFT intermediate radicals as they are in most cases too hydrophobic.

Under ideal RAFT conditions the consecutive/competitive RAFT additions/fragmentations (reactions (t)--(v) in the orange box of [Figure 1](#polymers-11-00320-f001){ref-type="fig"}) can be simplified to the so-called degenerative transfer mechanism ("reactions/exchanges" (m) and (n) in the green box in [Figure 1](#polymers-11-00320-f001){ref-type="fig"}). On an overall basis "direct" chain transfer is formally obtained consistent with the conventional interpretation in radical polymerization. This implies that no-RAFT cross-termination (reaction (w)--(y) in [Figure 1](#polymers-11-00320-f001){ref-type="fig"}) and no slow RAFT fragmentation is taking place so that the intermediate radical species concentrations (*R~*0*~XR~*0*,p~*, *R~*0*~XR~i,p~* and *R~i~XR~j,p~*) do not need to be explicitly calculated for modeling purposes as the pseudo steady-state approximation (PSSA) can be applied \[[@B19-polymers-11-00320],[@B42-polymers-11-00320],[@B43-polymers-11-00320],[@B44-polymers-11-00320],[@B45-polymers-11-00320]\]. The corresponding transfer "rate coefficients" (*k~tr,*0*~*, *k~-tr,*0*~* and *k~tr~*), as defined based on the (conventional) radical and dormant species concentrations, are a function of the elementary RAFT addition and fragmentation parameters: $$k_{tr,0} = k_{add,0,a}\frac{k_{frag,0,b}}{k_{frag,0,a} + k_{frag,0,b}}$$ $$k_{- tr,0} = k_{add,0,b}\frac{k_{frag,0,a}}{k_{frag,0,a} + k_{frag,0,b}}$$ $$k_{tr} = \frac{k_{add}}{2}$$ with in the last equation, for simplicity, chain length dependencies neglected, although the relevance of this assumption needs still further investigation and is probably RAFT specific \[[@B46-polymers-11-00320],[@B47-polymers-11-00320]\]. Intrinsically this assumption can be realistic \[[@B47-polymers-11-00320]\] but at higher monomer conversion the RAFT exchanges can be influenced by diffusional limitations \[[@B19-polymers-11-00320],[@B48-polymers-11-00320],[@B49-polymers-11-00320],[@B50-polymers-11-00320],[@B51-polymers-11-00320],[@B52-polymers-11-00320],[@B53-polymers-11-00320],[@B54-polymers-11-00320]\]. Hence, apparent exchange kinetics can be operative similar to diffusional limitations on termination, inducing the well-known gel-effect \[[@B1-polymers-11-00320],[@B34-polymers-11-00320],[@B55-polymers-11-00320],[@B56-polymers-11-00320],[@B57-polymers-11-00320]\].

A research question that arises is which tools are most suited to test if a simplified degenerative RAFT mechanism (with upon modeling no explicit calculation needed for the concentration of the intermediate) can be applied or if a detailed mechanism (thus with an explicit calculation of the concentration of the RAFT intermediate) needs to be considered. Note that for convenience in the present work the latter mechanism is defined as "non-degenerative". Most experimental focus has been on the bulk monomer conversion profile in which the RAFT polymerization case is compared with the corresponding FRP case (same initial conditions except no initial RAFT agent), with a (strong) rate retardation associated with the need of a non-degenerative mechanism. Barner-Kowollik et al. \[[@B58-polymers-11-00320]\] hypothesized that the rate retardation could be explained by a low RAFT fragmentation rate resulting in an accumulation of non-propagating RAFT intermediate species. In contrast, Monteiro et al. \[[@B59-polymers-11-00320]\] attributed the retardation to RAFT cross-termination reactions involving conventional and intermediate radicals, resulting---even with high fragmentation rates---in the formation of three and four armed dead species. Although, which explanation is most plausible is still under debate \[[@B45-polymers-11-00320],[@B60-polymers-11-00320],[@B61-polymers-11-00320],[@B62-polymers-11-00320],[@B63-polymers-11-00320],[@B64-polymers-11-00320]\], even after a large number of both experimental \[[@B58-polymers-11-00320],[@B59-polymers-11-00320],[@B60-polymers-11-00320],[@B65-polymers-11-00320],[@B66-polymers-11-00320],[@B67-polymers-11-00320],[@B68-polymers-11-00320],[@B69-polymers-11-00320],[@B70-polymers-11-00320],[@B71-polymers-11-00320],[@B72-polymers-11-00320],[@B73-polymers-11-00320],[@B74-polymers-11-00320],[@B75-polymers-11-00320],[@B76-polymers-11-00320],[@B77-polymers-11-00320],[@B78-polymers-11-00320]\] and theoretical studies \[[@B48-polymers-11-00320],[@B64-polymers-11-00320],[@B79-polymers-11-00320],[@B80-polymers-11-00320],[@B81-polymers-11-00320],[@B82-polymers-11-00320],[@B83-polymers-11-00320],[@B84-polymers-11-00320],[@B85-polymers-11-00320],[@B86-polymers-11-00320],[@B87-polymers-11-00320],[@B88-polymers-11-00320],[@B89-polymers-11-00320]\]. Interestingly, recent research has indicated that bulk RAFT rate retardation can even occur under the validity of the degenerative mechanism \[[@B48-polymers-11-00320],[@B90-polymers-11-00320],[@B91-polymers-11-00320]\]. As lower chain length polymer chains are formed in a well-defined homogeneous RAFT polymerization compared to FRP process the gel-effect is less established in the former so that the conversion profile is less steep.

Tobita et al. \[[@B92-polymers-11-00320],[@B93-polymers-11-00320],[@B94-polymers-11-00320]\] suggested that miniemulsion RAFT polymerization with macro-RAFT agents is interesting to study the nature of rate retardation leading to a non-degenerative RAFT mechanism. The use of macro-RAFT agents neglect a first approximation of the exit/entry phenomena of *R*~0~ (mass transfer events (k) and (l) in the red box in [Figure 1](#polymers-11-00320-f001){ref-type="fig"}), which is known to induce additional retardation \[[@B36-polymers-11-00320],[@B95-polymers-11-00320],[@B96-polymers-11-00320],[@B97-polymers-11-00320],[@B98-polymers-11-00320]\]. Still the kinetics are influenced by compartmentalization with the bimolecular RAFT cross-termination rate expected to decrease with decreasing (average) particle size, whereas the particle size should not have an influence on the RAFT fragmentation rate, at least for a given RAFT intermediate concentration. For RAFT miniemulsion polymerization of styrene mediated by polystyryl dithiobenzoate, this aspect was exploited by Suzuki et al. \[[@B93-polymers-11-00320],[@B99-polymers-11-00320]\] who showed with intrinsic kinetic Monte Carlo simulations that the miniemulsion polymerization rate and thus monomer conversion increases with decreasing droplet size, agreeing with the theoretical bulk predictions of the RAFT cross-termination model for the investigated system.

Despite that the investigation of RAFT in (mini)emulsion polymerization can be advantageous to investigate the plausibility of the chosen retardation model, a detailed kinetic study over a wide range of theoretically relevant RAFT addition, fragmentation, and cross-termination rate coefficients as a function of the average particle size is still lacking. Most kinetic modeling studies on RAFT (mini)emulsion polymerization are simplified \[[@B23-polymers-11-00320],[@B32-polymers-11-00320],[@B100-polymers-11-00320],[@B101-polymers-11-00320],[@B102-polymers-11-00320],[@B103-polymers-11-00320],[@B104-polymers-11-00320],[@B105-polymers-11-00320],[@B106-polymers-11-00320],[@B107-polymers-11-00320],[@B108-polymers-11-00320],[@B109-polymers-11-00320],[@B110-polymers-11-00320],[@B111-polymers-11-00320],[@B112-polymers-11-00320]\] with the common assumption \[[@B23-polymers-11-00320],[@B103-polymers-11-00320],[@B104-polymers-11-00320],[@B110-polymers-11-00320],[@B112-polymers-11-00320]\] of a zero-one system, hence, either droplets/particles contain one or no radical at all. For example, Altarawneh et al. \[[@B103-polymers-11-00320],[@B104-polymers-11-00320]\] used a zero-one model to describe the RAFT emulsion polymerization of styrene mediated by *O*-ethylxanthyl ethyl propionate. The zero-one model implied that instantaneous termination occurs if a radical enters a particle containing a conventional or intermediate radical. Similarly, Luo et al. \[[@B105-polymers-11-00320]\] showed that for the miniemulsion polymerization of styrene with styrene oligomers of 1-phenylethylphenyl dithioacetate (PS-PEPDTA) and 2-cyranoprop-2-yl dithiobenzoate (PS-CPDB) as RAFT agents, a zero-one model assuming cross-termination can be used to describe the experimental data. Li et al. \[[@B106-polymers-11-00320]\] investigated the copolymerization of styrene and butyl acrylate in miniemulsion using 3-benzyltrithiocarbonyl propionic acid (BCPA) as the initial RAFT agent, taking into account RAFT cross-termination but no insights on the conflicting rate retardation models were given. Assuming a priori the validity of a zero-one system is not recommended. In the recent work of Devlaminck et al. \[[@B98-polymers-11-00320]\] it was shown that for a degenerative RAFT system (polymerization of methyl methacrylate (MMA) with cyanoprop-2-yl dithiobenzoate (CPDB, *R~*0*~X*) and potassium persulfate (KPS, *I*~2~); \[MMA\]~0~/\[CPDB\]~0~/\[KPS\]~0~ = 590/1/0.65; *d~p~* = 100 nm) at higher monomer conversions particles with several radicals can exist due to the diffusional limitation on termination and additionally RAFT exchange in case the (average) chain length is sufficiently high.

In this work, "non-degenerative" and "degenerative" RAFT miniemulsion polymerization are theoretically compared for a wide range of RAFT exchange kinetic parameters formally aiming at limiting cases, focusing both on the monomer/initial RAFT agent conversion profile and the average polymer properties, which is rarely done. This comparison is made by means of a 5-dimensional Smith-Ewart based model, allowing the mapping of all radical types and numbers per particle, starting from the code developments in previous work on RAFT polymerization with ideal exchange \[[@B98-polymers-11-00320]\]. It is shown that the nature of the RAFT exchange process affects the limits for the maximal radical type numbers and is dependent on the (average) particle size, with the most detailed differentiation possible upon the joint consideration of the trends for the polymerization rate and the control over average polymer properties, which should facilitate future experimental research.

2. Modeling Methodology {#sec2-polymers-11-00320}
=======================

In this work, a multi-scale Smith-Ewart based modeling methodology, as recently introduced for degenerative RAFT polymerization \[[@B98-polymers-11-00320]\], is extended to describe degenerative and non-degenerative RAFT miniemulsion polymerization of styrene ([Figure 1](#polymers-11-00320-f001){ref-type="fig"}) at 343 K.

2.1. Reactions, Rate Coefficients, and Mass Transfer Parameters {#sec2dot1-polymers-11-00320}
---------------------------------------------------------------

The RAFT miniemulsion of styrene mediated by an oligomeric polystyrene-RAFT agent (PS-X) and initiated by potassium persulfate (KPS) as radical initiator at 343 K is theoretically investigated for several RAFT kinetic parameter combinations. Each combination is investigated considering both the simplified "degenerative (DM)" and the detailed "non-degenerative (NDM)" RAFT polymerization mechanism (*cf.* definitions in [Figure 1](#polymers-11-00320-f001){ref-type="fig"}). Three types of RAFT parameter combinations are investigated (Comb 1--Comb 3), all with a high RAFT addition rate coefficient. Firstly, Comb 1, similar to the slow fragmentation model (SFM) \[[@B58-polymers-11-00320],[@B64-polymers-11-00320],[@B99-polymers-11-00320]\], is characterized by a high RAFT addition and a low fragmentation rate coefficient in the absence of RAFT cross-termination. Secondly, Comb 2, similar to the intermediate termination model (ITM) described in literature \[[@B59-polymers-11-00320],[@B80-polymers-11-00320],[@B99-polymers-11-00320],[@B118-polymers-11-00320],[@B119-polymers-11-00320]\], is characterized by a high RAFT addition and cross-termination rate coefficient and a medium RAFT fragmentation rate coefficient. Thirdly, Comb 3 is characterized by a high RAFT addition and fragmentation rate coefficient with a kinetically insignificant RAFT cross termination so that the rate coefficient can be given a value of 0 mol L^−1^·s^−1^. This parameter combination mimics an ideal RAFT agent, as confirmed in the [Supporting Information (Section S4)](#app1-polymers-11-00320){ref-type="app"}.

The use of an oligomeric RAFT agent allows neglecting interphase mass transport (entry/exit) of the RAFT leaving group (*R*~0~), which is known to have a significant impact on the polymerization kinetics at low monomer conversion \[[@B98-polymers-11-00320]\]. Nevertheless, a differentiation is made between the initial oligomeric RAFT agent and the polymeric dormant species in order to isolate the RAFT initiation stage from the overall kinetics. For simplicity, the average particle diameter *d~p~* and the average particle volume *v~p~* are considered constant throughout the entire polymerization process, in agreement with other modeling studies \[[@B105-polymers-11-00320],[@B107-polymers-11-00320],[@B120-polymers-11-00320]\].

[Table 1](#polymers-11-00320-t001){ref-type="table"} gives an overview of the reactions considered, with the reactions necessary to investigate the simplified degenerative and the detailed non-degenerative RAFT model also mentioned. The water soluble KPS radical initiator (*I*~2~) decomposes only in the aqueous phase. The formed radical anion (*I*) propagates until an oligomeric species with a critical chain length of 2 is formed after which only entry in the particles can occur (mass transfer event in [Table 1](#polymers-11-00320-t001){ref-type="table"}). Entry of smaller oligomeric species and the radical anion is neglected as well as chain transfer to monomer \[[@B43-polymers-11-00320],[@B121-polymers-11-00320],[@B122-polymers-11-00320],[@B123-polymers-11-00320]\]. All initial oligomeric PS-X is considered to be present in the particles and no exit can occur. For simplicity monomer transport (monomer diffusion between organic and aqueous phase) is ignored. Considering the limited maximum conversion investigated (\<95%), the aqueous monomer concentration can be considered constant at its saturated value (4.3 × 10^−3^ mol·L^−1^) \[[@B20-polymers-11-00320]\] and, hence, instantaneous monomer phase transfer to the aqueous phase is assumed. Thermal self-initiation is neglected at the polymerization temperature considered, based on literature data \[[@B121-polymers-11-00320],[@B124-polymers-11-00320],[@B125-polymers-11-00320],[@B126-polymers-11-00320]\].

Diffusional limitations on termination are taken into account through apparent rate coefficients (subscript "app") that are calculated by means of the composite *k~t~* model \[[@B115-polymers-11-00320]\], also sometimes referred to as the RAFT-chain length dependent-termination (RAFT-CLD-T) model \[[@B116-polymers-11-00320]\]. More information regarding this model and the necessary parameters allowing to account for chain length and monomer conversion dependencies are given in [Section S1 of the Supporting Information](#app1-polymers-11-00320){ref-type="app"}. The average apparent termination rate coefficient is evaluated using the number radical average radical chain length *x~n,r~*. Note that for termination with chain lengths of 1 the power is 9 in [Table 1](#polymers-11-00320-t001){ref-type="table"}, as the power of Jonhston-Hall and Monteiro was corrected with a factor of 2, as explained in Derboven et al. \[[@B115-polymers-11-00320],[@B116-polymers-11-00320]\]. As such further improvement of these values is still requested taking into account reported values with other experimental techniques (e.g., power ca. 8) \[[@B127-polymers-11-00320]\]. In the context of the present one should thus realize that termination (at least at low monomer conversions) is fast and hence an establishment of zero-one kinetics is more likely.

As previously indicated already at intermediate monomer conversions RAFT specific reactions, i.e., RAFT addition, fragmentation, cross termination, and transfer (when assuming the degenerative mechanism), can become diffusion controlled, as only macrospecies are involved in similar to conventional termination \[[@B48-polymers-11-00320],[@B49-polymers-11-00320],[@B50-polymers-11-00320],[@B52-polymers-11-00320],[@B54-polymers-11-00320],[@B128-polymers-11-00320],[@B129-polymers-11-00320]\]. Consequently, apparent rate coefficients need to be considered for these RAFT specific reactions as well. A fundamental approach is the coupled parallel encounter pair model, as introduced by D'hooge et al. \[[@B50-polymers-11-00320]\]. In such a model for instance the apparent macro-RAFT addition and fragmentation rate coefficient follow from:$$k_{add,app\ } = \left( {\frac{1}{k_{add,chem}} + \frac{1}{k_{add,diff}}} \right)^{- 1}$$ $$k_{frag,app\ } = \left( {\frac{1}{k_{frag,chem}} + \frac{K_{eq,1}}{k_{frag,diff}}} \right)^{- 1}$$ with k~add/frag,chem~ the intrinsic RAFT macro-addition/fragmentation rate coefficient (see [Table 1](#polymers-11-00320-t001){ref-type="table"}), k~add/frag,diff~ the diffusional contribution for RAFT macro-addition/fragmentation (which can be approximated by the termination diffusional contribution), and *K~eq,1~* the ratio between the intrinsic macro-RAFT addition and fragmentation rate coefficient, highlighting the coupled nature of these reactions, as even for a unimolecular reaction the two fragments still need to diffuse away from each other as for conventional radical initiation where one has often a cage effect. For a degenerative model the following equations formally result:$$k_{tr,0,app\ } = \left( {\frac{1}{k_{tr,0,chem}} + \frac{1}{k_{tr,0,diff}} + \frac{1}{K_{eq,2}k_{- tr,0,diff}}} \right)^{- 1}$$ $$k_{- tr,0,app\ } = \left( {\frac{1}{k_{- tr,0,chem}} + \frac{1}{k_{- tr,0,diff}} + \frac{K_{eq,2}}{k_{tr,0,diff}}} \right)^{- 1}$$ $$k_{tr,app\ } = \left( {\frac{1}{k_{tr,chem}} + \frac{2}{k_{tr,diff}}} \right)^{- 1}$$ with *k~(-)tr(,0),app~* the apparent RAFT transfer rate coefficients, *k~(-)tr(,0),chem~* the intrinsic RAFT transfer rate coefficient (see [Table 1](#polymers-11-00320-t001){ref-type="table"}), *k~(-)tr(,0),diff~* the diffusional contribution for RAFT transfer and *K~eq,2~* equal to:$$K_{eq,2} = \frac{k_{tr,0,chem}}{k_{- tr,0,chem}}$$

For more information regarding these RAFT apparent rate coefficients, the reader is referred to [Section S2 of the Supporting Information](#app1-polymers-11-00320){ref-type="app"}. Diffusional limitations on propagation, typically observed at very high monomer conversions (≥95%) \[[@B130-polymers-11-00320],[@B131-polymers-11-00320],[@B132-polymers-11-00320]\] are ignored in the present work, which is justified by investigating the limited maximal monomer conversion.

2.2. Compartmentalization Model: Smith-Ewart and Moment Equations {#sec2dot2-polymers-11-00320}
-----------------------------------------------------------------

In RAFT miniemulsion polymerization, some species will be present in each particle in large amounts (a number per particle much higher than 10 for e.g., monomer and *R~*0*~X*) whereas only 0 up to e.g., 10 species of a certain radical type are present in each particle. The concentration of the abundant species can---for simplicity---be approximated by a single average concentration over all particles at any time and if a deterministic solution strategy is followed their concentration vs time evolution is accounted for by means of continuity equations or mass balances \[[@B43-polymers-11-00320],[@B50-polymers-11-00320],[@B133-polymers-11-00320],[@B134-polymers-11-00320],[@B135-polymers-11-00320],[@B136-polymers-11-00320]\]. For the non-abundant species, pseudo-bulk kinetics are very likely not obtained. Here, no averaging is allowed and thus the kinetics can be significantly affected by compartmentalization. This implies that the number of particles with each possible set of a given number of radical types needs to be followed alongside the aforementioned differential equations. So-called multi-dimensional Smith-Ewart equations are therefore needed, with the number of radical types determining the degree of dimensionality \[[@B137-polymers-11-00320],[@B138-polymers-11-00320],[@B139-polymers-11-00320],[@B140-polymers-11-00320],[@B141-polymers-11-00320]\].

In our previous work \[[@B98-polymers-11-00320]\] on degenerative RAFT polymerization a two-dimensional Smith-Ewart modeling methodology with the calculation of the number of *R*~0~ and macroradicals per particle has been put forward, accounting for interphase mass transfer and diffusional limitations up to high monomer conversions. Both the calculation of the polymerization rate and average polymer characteristics as a function of time is covered, with the average chain length characteristics following from an extended method of moments. Based on [Figure 1](#polymers-11-00320-f001){ref-type="fig"}---with a non-degenerative model---a five-dimensional Smith-Ewart model is now required and, hence, one can at least theoretically have several radical types be associated with deviations from zero-one kinetics conventionally associated with the propagating macroradical only. The population balances in this model describe the temporal evolution of polymer particles having *k* macroradicals, *l R~0~* radicals, *m R~i~XR*~0~ radicals, *n R~i~XR~j~* radicals and *o R~*0*~XR*~0~ radicals (*N~k,l,m,n,o~*; *k,l,m,n,o* ≥ 0) ([Supporting Information: Section S8](#app1-polymers-11-00320){ref-type="app"}). The continuity equations of the species in the aqueous phase, the abundant species in the particles and the associated equations for the average chain length characteristics are provided in [Supporting Information (Section S9)](#app1-polymers-11-00320){ref-type="app"}. In these equations, the average numbers of each radical type are defined as:$$\overline{n}\left( R \right) = \sum_{k,l,m,n,o}k\frac{N_{k,l,m,n,o}}{N_{p}}$$ $$\overline{n}\left( R_{0} \right) = \sum_{k,l,m,n,o}l\frac{N_{k,l,m,n,o}}{N_{p}}$$ $$\overline{n}\left( {R_{i}XR_{0}} \right) = \sum_{k,l,m,n,o}m\frac{N_{k,l,m,n,o}}{N_{p}}$$ $$\overline{n}\left( {R_{i}XR_{j}} \right) = \sum_{k,l,m,n,o}n\frac{N_{k,l,m,n,o}}{N_{p}}$$ $$\overline{n}\left( {R_{0}XR_{0}} \right) = \sum_{k,l,m,n,o}o\frac{N_{k,l,m,n,o}}{N_{p}}$$ in which *N~p~* is the total number of particles.

3. Results and Discussion {#sec3-polymers-11-00320}
=========================

In this section, attention is first focused on the impact of the RAFT exchange parameters on the main miniemulsion polymerization characteristics, assuming the detailed "non-degenerative" mechanism as defined in [Figure 1](#polymers-11-00320-f001){ref-type="fig"}. Here an average particle size of 100 nm and a targeted chain length (TCL) of 200 (\[R~0~X\]~0~/\[KPS\]~0~ = 3, \[KPS\]~0~ = 4 × 10^−3^ mol·L^−1^, *m~MMA,0~* = 20 g, *m~H2O,0~* = 80 g) are considered for the parameter variations Comb 1--Comb 3 in [Table 1](#polymers-11-00320-t001){ref-type="table"}. Next a comparison is made with the descriptions following the simplified degenerative mechanism. Finally, it is investigated whether a variation of the average particle size enables the differentiation between the nature of the RAFT mechanism, making a distinction between slow RAFT fragmentation and pronounced RAFT cross-termination. The focus is here on both the changes of the monomer conversion and the polymer properties.

3.1. Results Considering a Non-Degenerative Mechanism at an Average Particle Size of 100 nm {#sec3dot1-polymers-11-00320}
-------------------------------------------------------------------------------------------

As shown in [Figure 2](#polymers-11-00320-f002){ref-type="fig"}a, a slow fragmentation model (**Comb 1** in [Table 1](#polymers-11-00320-t001){ref-type="table"}; non-degenerative parameters) results in a much lower polymerization rate compared to the corresponding FRP. As RAFT intermediate radicals cannot propagate, the low fragmentation rate coefficients involving these species result in a decrease of the macroradical (*R~i~*) amount available for propagation. The low fragmentation rate coefficient of the RAFT intermediate species *R~0~XR*~0~ and *R~i~XR*~0~ results in a prolonged presence of the initial RAFT agent, as shown in [Figure 2](#polymers-11-00320-f002){ref-type="fig"}b. Nevertheless, a linear growth for the number average chain length (*x~n~*; [Figure 2](#polymers-11-00320-f002){ref-type="fig"}c) with monomer conversion and a low dispersity (\<1.5, [Figure 2](#polymers-11-00320-f002){ref-type="fig"}d) are obtained. Unavoidable termination events result in a steady decrease of the EGF, although the latter remains high (\>88%) as shown in [Figure 2](#polymers-11-00320-f002){ref-type="fig"}d. Overall a reasonable chain growth control is achieved.

For the slow fragmentation model, the average number of *R*~0~, *R~i~XR*~0~, and *R~*0*~XR*~0~ radicals all steadily decrease as a function of the RAFT agent conversion as shown in [Figure 3](#polymers-11-00320-f003){ref-type="fig"}a--c, due to the formation of macroradicals *R~i~* after addition of monomer to *R*~0~. However, the slow fragmentation results in an initially large (\>0.5) average number of *R~i~XR*~0~ and *R~0~XR*~0~ radicals per particle. The average number of *R~i~* radicals is low throughout the entire polymerization (\<5 × 10^−2^, [Figure 3](#polymers-11-00320-f003){ref-type="fig"}d) as the radical function is mainly stored in the intermediate *R~i~XR~j~* form ([Figure 3](#polymers-11-00320-f003){ref-type="fig"}e). Above 50% monomer conversion, diffusional limitations on termination ([Figure S3 of the Supporting Information](#app1-polymers-11-00320){ref-type="app"}) even result in a steep increase of the average number of these radicals (\>\>2). It can thus be concluded that a multi-dimensional Smith-Ewart description is needed, with a considered maximal radicals per particle beyond a value of 1. In other words, for a slow RAFT fragmentation model zero-one kinetics are not obtained.

This is also confirmed in [Figure 4](#polymers-11-00320-f004){ref-type="fig"} (Comb 1) displaying the particle distributions. For *R*~0~ and *R~i~* ([Figure 4](#polymers-11-00320-f004){ref-type="fig"}a,d), the high termination, propagation and addition rate coefficients result in almost all particles containing none of these radicals, consistent with the very low average numbers in [Figure 3](#polymers-11-00320-f003){ref-type="fig"}a,d. For *R~i~XR*~0~ and *R~*0*~XR*~0~ radicals ([Figure 4](#polymers-11-00320-f004){ref-type="fig"}a,b), on the other hand, "empty" particles are less present and even at the initial stage of the polymerization process, a 0-1 description is inappropriate. This is even more pronounced for *R~i~XR~j~* radicals as shown in [Figure 4](#polymers-11-00320-f004){ref-type="fig"}e as most particles contain at least one of these radicals already after a few percentages of monomer conversion. At the final stages of the polymerization, a significant amount of particles even contain up to 10 radicals, again highlighting the importance of the use of the multidimensional Smith-Ewart equations. Note that this number is probably high for a true system as the selected parameter combination corresponds to an extreme case of slow RAFT fragmentation.

[Figure 5](#polymers-11-00320-f005){ref-type="fig"} shows the evolution of the main miniemulsion average characteristics, considering **Comb 2** non-degenerative model parameters of [Table 1](#polymers-11-00320-t001){ref-type="table"}. Here, in contrast to Comb 1, the intermediate radicals can terminate significantly by reaction with both leaving the group and macroradicals, again resulting in a significant rate reduction compared to the FRP countercase ([Figure 5](#polymers-11-00320-f005){ref-type="fig"}a). The initial RAFT agent is now consumed much faster as shown in [Figure 5](#polymers-11-00320-f005){ref-type="fig"}b. A linear growth of *x~n~* and a low dispersity ([Figure 5](#polymers-11-00320-f005){ref-type="fig"}c,d), except at very high (\>85%) monomer conversion again indicate an acceptable controlled character of the polymerization further exemplified by a relatively high EGF ([Figure 5](#polymers-11-00320-f005){ref-type="fig"}d).

The average number of *R*~0~ radicals per particle for Comb 2 is again very low, as shown in [Figure 6](#polymers-11-00320-f006){ref-type="fig"}a. The average number of *R~i~XR*~0~ and *R~0~XR*~0~ radicals ([Figure 6](#polymers-11-00320-f006){ref-type="fig"}b,c) is slightly lower for Comb 2 as a larger fragmentation rate coefficient is considered and cross-termination is plausible as well. The average number of macroradicals remains low ([Figure 6](#polymers-11-00320-f006){ref-type="fig"}d) and more or less constant, indicating that diffusional limitations do not have a significant effect. Notably the average number of *R~i~XR~j~* radicals ([Figure 6](#polymers-11-00320-f006){ref-type="fig"}e) is constant as well but with a value of roughly 0.5, as cross-termination withholds the build-up of these radical species. As shown in [Figure 6](#polymers-11-00320-f006){ref-type="fig"}f, the concentration of RAFT star cross product steadily increases with increasing monomer conversion and the majority of the dead polymer species is this star product. Hence, for Comb 2, the dominant role of RAFT-cross termination is clear in the radical and dead polymer spectrum.

This conclusion also follows from the radical distributions in [Figure 7](#polymers-11-00320-f007){ref-type="fig"} with most particles containing no or only a single radical of each radical type. Moreover, for *R~i~XR~j~* radicals ([Figure 7](#polymers-11-00320-f007){ref-type="fig"}e), roughly half the particles contain none of these species whereas the other half contains one, resulting in an average value of approximately 0.5 ([Figure 6](#polymers-11-00320-f006){ref-type="fig"}e). Only at the higher monomer conversions 1% of the particles contain 2 *R~i~XR~j~* radicals, again highlighting the limited impact of diffusional limitations and thus the acceptable approximation of zero-one kinetics, albeit with multiple radical types.

[Figure 8](#polymers-11-00320-f008){ref-type="fig"} shows the results for **Comb 3**, mimicking an ideal RAFT agent as a high RAFT addition and fragmentation rate coefficient are considered. No rate retardation compared to the FRP case is observed, indicating that the fraction of radicals in the inactive intermediate form is negligible at any time and that the gel-effect impact as for the bulk case is much less an issue, also bearing in mind that the monomer is styrene, which is less prone to rate acceleration as e.g., methyl methacrylate polymerization \[[@B48-polymers-11-00320]\]. Moreover, the RAFT agent is almost instantaneously consumed completely, as shown in [Figure 8](#polymers-11-00320-f008){ref-type="fig"}b. It can be confirmed that a RAFT agent characterized by parameter set Comb 3 behaves as an ideal RAFT agent as *x~n~* increases linearly with monomer conversion, the dispersity is very close to the theoretical lower limit of 1, and the EGF is \>99% ([Figure 8](#polymers-11-00320-f008){ref-type="fig"}b--d).

As mentioned previously, a RAFT polymerization and corresponding FRP conversion profile can only coincide if the RAFT intermediate radicals are formed rapidly and are extremely short-lived, which is confirmed by the average radical values for Comb 3 shown in [Figure 9](#polymers-11-00320-f009){ref-type="fig"}. A constant value of 0.5 is obtained for the average number of macroradicals ([Figure 9](#polymers-11-00320-f009){ref-type="fig"}d), indicating instantaneous termination if two macroradicals are present in a particle. Under the Comb 3 miniemulsion conditions the assumption of zero-one kinetics is thus again acceptable.

The average values of [Figure 9](#polymers-11-00320-f009){ref-type="fig"} (Comb 3) can be further understood by considering the particle type distributions of [Figure 10](#polymers-11-00320-f010){ref-type="fig"}. The only radical type that can be significantly present in a particle is a macroradical. More specifically, half of the particles contain zero macroradicals whereas the other half contain only one macroradical. As opposed to Comb 2 the key 0.5 value is thus now established with the population of macroradicals.

3.2. Relevance of Description with an Explicit Calculation of the RAFT Intermediate {#sec3dot2-polymers-11-00320}
-----------------------------------------------------------------------------------

The next logical step is to explicitly validate whether a simplified degenerative mechanism (no explicit calculation concentration RAFT intermediate in models) obtains the detailed kinetic descriptions as produced with the non-degenerative mechanism (explicit calculation concentration of RAFT intermediate). As expected for Comb 3 (ideal RAFT agent) this is case ([Figure S2 in the Supporting Information](#app1-polymers-11-00320){ref-type="app"}). For the other two combinations this is not the case as shown in [Figure 11](#polymers-11-00320-f011){ref-type="fig"} (dashed lines: non-degenerative description from before; full lines: degenerative approximation; Comb 1: red; Comb 2: green). It follows that for Comb 1 (red lines) both the styrene ([Figure 11](#polymers-11-00320-f011){ref-type="fig"}a) and RAFT agent consumption rate ([Figure 11](#polymers-11-00320-f011){ref-type="fig"}b) are significantly reduced when the intermediate radicals are considered compared to the simplified degenerative approximation. This is not surprising as the slow fragmentation results in the formation of radicals incapable of propagating whereas in the degenerative approach the RAFT mechanism is described by a direct exchange which does formally not include the formation of these intermediate species. The *x~n~* ([Figure 11](#polymers-11-00320-f011){ref-type="fig"}c) and dispersity ([Figure 11](#polymers-11-00320-f011){ref-type="fig"}d) are only minorly affected by switching from the non-degenerative to the degenerative approach. The EGF is however significantly lower for the non-degenerative description but this is related to the longer polymerization time needed to reach the final conversion.

Similarly, for Comb 2 (green lines), the monomer and initial RAFT agent conversion are again much slower for the non-degenerative description as not only the non-propagating intermediate species are explicitly taken into account but these can also terminate with macroradicals. Nonetheless, the *x~n~* is unaffected as both models are coincident. However, in the non-degenerative approach, the domination event is RAFT cross-termination, resulting in star product whereas in the degenerative approach only conventional termination can occur, resulting in linear dead species. As the star product will inherently be larger than the linear dead product, the overall dispersity for the non-degenerative description will be larger as well, which can be seen in [Figure 11](#polymers-11-00320-f011){ref-type="fig"}d. Finally, the EGF for the non-degenerative description is again much lower due to the prolonged reaction time. Hence, only for very well-defined RAFT systems the degenerative assumption is afforded.

3.3. Relevance of the (Average) Particle Size in View of Future Experimental Analysis {#sec3dot3-polymers-11-00320}
-------------------------------------------------------------------------------------

[Figure 12](#polymers-11-00320-f012){ref-type="fig"} shows the influence of *d~p~* on the reaction time to reach a monomer conversion (*X~M~*) of 30% and the main average polymer properties at this *X~M~* for the three model parameter combinations in [Table 1](#polymers-11-00320-t001){ref-type="table"}, with Column *i* relating to Comb *i* and *d~p~* varying between 50 and 150 nm. This low monomer conversion is selected for illustration purposes and to avoid too long simulation times. It is clear that for all three models the time to reach a *X~M~* of 30% increases with increasing *d~p~* ([Figure 12](#polymers-11-00320-f012){ref-type="fig"}a--c. Nevertheless, for Comb 1 ([Figure 12](#polymers-11-00320-f012){ref-type="fig"}a) the increase slows down with increasing *d~p~* whereas for Comb 2 ([Figure 12](#polymers-11-00320-f012){ref-type="fig"}b) and Comb 3 ([Figure 12](#polymers-11-00320-f012){ref-type="fig"}c) the increases become more pronounced. The EGF decreases ([Figure 12](#polymers-11-00320-f012){ref-type="fig"}j--l) are related to the monomer conversion changes, with higher losses implying more conventional radical initiator consumption before the targeted monomer conversion is reached. This again illustrates the link between the reaction time and the loss of the RAFT polymerization livingness and further highlights the relevance of EGF measurements.

In contrast, regardless of the parameter combination, *x~n~* is practically unaffected by *d~p~* ([Figure 12](#polymers-11-00320-f012){ref-type="fig"}d--f), which is consistent with the general observation under bulk/solution conditions that this average polymer response is less sensitive to process variations. The relation between *d~p~* and dispersity ([Figure 12](#polymers-11-00320-f012){ref-type="fig"}g--i) is strongly varied depending on the parameters combination, highlighting the potential of dispersity experimental analysis besides conventional monomer conversion measurements to study the nature of possible RAFT retardations. For Comb 1 a plateau behavior results with increasing *d~p~* with dispersity values around 1.1, whereas for Comb 2 an accelerated increase is obtained with increasing *d~p~* with values above 1.2. For Comb 3, on the other hand, a plateau behavior with decreasing *d~p~* is observed, with although always very low dispersity values (close to 1).

As shown in [Figure 13](#polymers-11-00320-f013){ref-type="fig"}, only for Comb 1 (slow RAFT fragmentation) the average number of macroradicals and *R~i~XR~j~* radicals per particle is significantly affected by the average particle size. Besides for Comb 3 at a small particle size of 50 nm, both Comb 2 and Comb 3 are rather unaffected, with notably average values around 0.5 for the RAFT intermediate radical in Comb 2 and the conventional macroradical in Comb 3. This implies the establishment of a kind of balancing of exchange reaction rates in Comb 2 and Comb 3 which is not met in Comb 1 where the intermediate RAFT radical cannot easily disappear, as there is slow RAFT fragmentation and no RAFT cross-termination.

This can be further investigated through the radical reaction probabilities shown in [Figure 14](#polymers-11-00320-f014){ref-type="fig"} that are calculated based on all particles jointly. It follows that the probabilities of propagation and addition (first two rows) are unaffected by *d~p~* for all three parameter combinations as these reactions involve, respectively, monomer and dormant species which are present in relatively large concentrations in each particle so that compartmentalization does not matter, at least in a Smith--Ewart based modeling approach. In contrast (RAFT cross-) termination involves radicals only and as a result when the related probabilities (last two rows) vary with particle size. Similar to the polymerization rate trends (related to [Figure 12](#polymers-11-00320-f012){ref-type="fig"}a--c), these termination probabilities ([Figure 14](#polymers-11-00320-f014){ref-type="fig"}g--j) increase with increasing *d~p~* with the increase slowing down for Comb 1 and increasing for Comb 2 and Comb 3. For Comb 3 the termination probability is as such extremely low (e.g., 10^−7^) and its actual impact is almost negligible, highlighting again the ideal nature of this RAFT agent.

Hence, the relation between the parameter combination for RAFT exchange and the *d~p~* effect in [Figure 12](#polymers-11-00320-f012){ref-type="fig"} needs to be related to the relative importance of termination, in agreement with the suggestions by Tobita et al. \[[@B92-polymers-11-00320],[@B93-polymers-11-00320],[@B94-polymers-11-00320]\] For Comb 2 the dominant termination rate is the RAFT-cross termination rate (probabilities of e.g., 10^−5^), with the conventional radical termination rate matching the *d~p~* dependence of RAFT-cross termination but a negligible effect as such due to too low probabilities (e.g., 10^−6^). A lower *d~p~* leads in Comb 2 to more segregation, stating that two species can only react when they are present in the same particle, blocking more cross-termination, which results in a stronger polymerization rate acceleration until a *d~p~* is reached at which cross-termination becomes kinetically insignificant. An acceleration is also obtained with Comb 1, as there the segregation effect on the conventional termination is still active with low but still significant probabilities (e.g., 10^−4^). Here the *d~p~* dependence is although different with at the higher *d~p~* -- in the studied *d~p~* range- bulk-like behavior and thus constant reaction probabilities. Such different dependence is also reflected in the evolutions for the average polymer properties, increasing the potential to explain rate retardations in RAFT miniemulsion polymerization. It is clear that the identification of a rate acceleration is insufficient as both a slow RAFT transfer and a polymerization with significant RAFT cross-termination are characterized by such feature. Only upon a close inspection of the *d*~p~ dependency and other characteristics is a proper distinction theoretically possible.

5. Conclusions {#sec5-polymers-11-00320}
==============

The added value of studying miniemulsion RAFT polymerization in a range of synthesis conditions to clarify the nature of a possible RAFT retardation is theoretically highlighted based on multi-dimensional Smith--Ewart equations. Essential is the effect of the average particle size on the relative importance of termination reactions in view measureable characteristics. In future experimental work, focus should be not restricted to examining differences in the monomer conversion profile for slow RAFT fragmentation and significant cross-termination but also the relation between the average particle size and the control over average properties should be investigated. In particular, the measured dispersity and end-group functionality variation with *d~p~* can be used to differentiate slow RAFT fragmentation from significant RAFT-cross termination. Moreover, a comparison with the FRP conversion profile is still recommended to confirm whether the RAFT agent can be considered as ideal.

The developed modeling tool can be used to better understand RAFT miniemulsion kinetics. For a slow RAFT fragmentation, zero-one kinetics cannot be assumed for the related radical type, at least if the particle size is sufficiently high. For a fast RAFT cross-termination zero-one kinetics are obtained but multiple radical types need to be considered and the dead polymer product is dominantly star product, which opens the pathway to further experimental validation. Once the degenerative mechanism can be safely assumed, which in a modeling context implies that the RAFT intermediate concentration does not need to be calculated explicitly, a direct switch can be made from a five- to a two-dimensional Smith-Ewart equation based description, strongly simplifying the overall kinetic description and design.
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![Representation of the reversible addition-fragmentation chain transfer (RAFT) miniemulsion process (black box: initialization with water soluble initiator and oil soluble initial RAFT agent) and an overview of the main reactions and interphase mass transfers, with non-degenerative defined in this work as the case in which for modeling one needs to calculate explicitly the intermediates concentrations. A subdivision is made between the reactions occurring in the aqueous phase (blue box, reaction (**a**)--(**h**)), in the organic phase (orange box, reaction (**o**)--(**y**)), and interphase mass transport phenomena (red box, (**i**)--(**l**); selected number of phenomena). For an ideal RAFT agent, the reaction sequences (**t**),(**u**),(**v**) in the orange box can be formally simplified to the "degenerative" exchange events (**m**) and (**n**) (green box; no RAFT-cross termination; reaction (**w**)--(**y**)). Conventional termination is only shown for the combination mode (**w**) as this is dominant for styrene, the monomer investigated in this work; no mass transfer for RAFT intermediate radicals, as they are likely too hydrophobic due to their size; in the present work focus is on three type of parameters combinations to theoretically reflect limiting cases (Purple box and [Table 1](#polymers-11-00320-t001){ref-type="table"}).](polymers-11-00320-g001){#polymers-11-00320-f001}

![Overview of average characteristics for non-degenerative miniemulsion RAFT polymerization of styrene at 343 K with KPS and an oligomeric RAFT agent. Monomer conversion (**a**) and initial RAFT agent (*R~*0*~X*) conversion (**b**) as a function of time and number average chain length *x~n~* (**c**), dispersity (**d**) and end-group functionality (EGF) (**d**) as a function of styrene conversion. Model parameters for Comb 1 (slow fragmentation case) in [Table 1](#polymers-11-00320-t001){ref-type="table"}. \[Sty\]~0~/\[R~0~X\]~0~ = 200, \[R~0~X\]~0~/\[KPS\]~0~ = 3, \[KPS\]~0~ = 4 × 10^−3^ mol·L^−1^, *m~MMA,0~* = 20 g, *m~H2O,0~* = 80 g; *d~p~* = 100 nm; this slow fragmentation case leads specifically to a much slower polymerization compared to the FRP case (black line in (**a**)).](polymers-11-00320-g002){#polymers-11-00320-f002}

![Corresponding evolution of the average number of radicals of a given type (Equation (10)--(14); a--e: RAFT small radical, RAFT intermediate radicals with small RAFT radical, macroradical, and macro-RAFT radical) as a function of initial RAFT agent (*R~*0*~X*) agent or styrene conversion for [Figure 2](#polymers-11-00320-f002){ref-type="fig"}; the slow fragmentation case leads to a strong build-up of the intermediate RAFT radical (see (**e**)) resulting in much higher values then 0.5, the value characteristic value for 0-1 kinetics, from intermediate styrene conversions onwards.](polymers-11-00320-g003){#polymers-11-00320-f003}

![Corresponding fraction of particles with a given number of radicals as a function of the initial RAFT agent (*R~*0*~X*) agent or styrene conversion for [Figure 2](#polymers-11-00320-f002){ref-type="fig"}. Averages are depicted in [Figure 3](#polymers-11-00320-f003){ref-type="fig"}.](polymers-11-00320-g004){#polymers-11-00320-f004}

![Changes for [Figure 2](#polymers-11-00320-f002){ref-type="fig"} (Monomer conversion (**a**) and initial RAFT agent (*R~*0*~X*) conversion (**b**) as a function of time and number average chain length *x~n~* (**c**), dispersity (**d**) and end-group functionality (EGF) (**d**) as a function of styrene conversion) in case Comb 2 model parameters from [Table 1](#polymers-11-00320-t001){ref-type="table"} instead of Comb 1 model parameters (RAFT cross termination case); a less controlled RAFT polymerization is observed, with again a strongly lower polymerization rate as in the corresponding FRP case.](polymers-11-00320-g005){#polymers-11-00320-f005}

![Corresponding evolution of the average number of radicals of a given type as a function of initial RAFT agent (R~0~X) agent or styrene conversion for [Figure 5](#polymers-11-00320-f005){ref-type="fig"} (Comb 2; **a**--**e**: RAFT small radical, RAFT intermediate radicals with small RAFT radical, macroradical, and macro-RAFT radical), with a value of 0.5 in (**e**). Also subfigure (**f**) with the evolution of the concentration of RAFT-cross termination product (left) and the fraction for this polymer in the overall dead polymer amount (right). Most of the dead polymer is thus star polymer product.](polymers-11-00320-g006){#polymers-11-00320-f006}

![Corresponding fraction of particles with a given number of radicals as a function of initial RAFT agent (*R~*0*~X*) agent or styrene conversion for [Figure 5](#polymers-11-00320-f005){ref-type="fig"}; averages in [Figure 6](#polymers-11-00320-f006){ref-type="fig"}; zero-one kinetics are now established but several radical types are needed.](polymers-11-00320-g007){#polymers-11-00320-f007}

![Change of [Figure 1](#polymers-11-00320-f001){ref-type="fig"} in case Comb 3 model parameters (ideal RAFT agent case) from [Table 1](#polymers-11-00320-t001){ref-type="table"} instead of Comb 1 model parameters (Monomer conversion (**a**) and initial RAFT agent (*R~*0*~X*) conversion (**b**) as a function of time and number average chain length *x~n~* (**c**), dispersity (**d**) and end-group functionality (EGF) (**d**) as a function of styrene conversion); identical results are obtained in case a degenerative model is used (see [Section S4 in the Supporting Information](#app1-polymers-11-00320){ref-type="app"}). This is also consistent with the identical line under the corresponding FRP conditions.](polymers-11-00320-g008){#polymers-11-00320-f008}

![Corresponding evolution of the average number of radicals of a given type as a function of initial RAFT agent (R~0~X) agent or styrene conversion for [Figure 9](#polymers-11-00320-f009){ref-type="fig"}; **a**--**e**: RAFT small radical, RAFT intermediate radicals with small RAFT radical, macroradical, and macro-RAFT radical; for (**d**) an average value of 0.5, highlighting the targeted instantaneous termination with conventional macroradicals and the validity of zero-one kinetics.](polymers-11-00320-g009){#polymers-11-00320-f009}

![Corresponding fraction of particles with a given number of radicals as a function of initial RAFT agent (*R~*0*~X*) agent or styrene conversion for [Figure 9](#polymers-11-00320-f009){ref-type="fig"}; averages in [Figure 10](#polymers-11-00320-f010){ref-type="fig"}.](polymers-11-00320-g010){#polymers-11-00320-f010}

![Comparison of non-degenerative results (full lines) of [Figure 2](#polymers-11-00320-f002){ref-type="fig"}/[Figure 5](#polymers-11-00320-f005){ref-type="fig"} with the simplified degenerative model results (dashed lines) for Comb 1 (red)/Comb 2 (green) model parameters in [Table 1](#polymers-11-00320-t001){ref-type="table"}; monomer conversion (**a**) and initial RAFT agent (*R~*0*~X*) conversion (**b**) as a function of time and number average chain length *x~n~* (**c**), dispersity (**d**) and end-group functionality (EGF) (**e**) as a function of styrene conversion; The non-degenerative models are needed for these combinations. For Comb 3, the degenerative description is allowed (see [Supporting Information](#app1-polymers-11-00320){ref-type="app"}).](polymers-11-00320-g011){#polymers-11-00320-f011}

![Influence of the (average) particle size (*d~p~*) on the time to reach 30% monomer conversion *X~M~* ((**a**)--(**c**), blue), the number average chain length (*x~n~*, (**d**)--(**f**), green), dispersity ((**g**)--(**i**), purple) and EGF ((**j**)--(**l**), orange) for model parameters Comb 1 (first column), Comb 2 (second column), and Comb 3 (third column) in [Table 1](#polymers-11-00320-t001){ref-type="table"}. \[Sty\]~0~/\[R~0~X\]~0~ = 200, \[R~0~X\]~0~/\[KPS\]~0~ = 3, \[KPS\]~0~ = 4 × 10^−3^ mol·L^−1^, *m~MMA,0~* = 20 g, and *m~H2O,0~* = 80 g. *X~M~* is 30% and *X~R0X~* is 100% for all simulation points.](polymers-11-00320-g012){#polymers-11-00320-f012}

![Corresponding average number of macro-(top) and RAFT intermediate radicals (bottom) for [Figure 12](#polymers-11-00320-f012){ref-type="fig"} (*X~M~* of 30%; Comb 1--3; left to middle column); for completeness other average radical numbers in [Figure S4 of the Supporting Information](#app1-polymers-11-00320){ref-type="app"}.](polymers-11-00320-g013){#polymers-11-00320-f013}

![Corresponding radical reaction probabilities for the macroradicals for [Figure 12](#polymers-11-00320-f012){ref-type="fig"} (*X~M~* of 30%); top to bottom: propagation, RAFT addition, (conventional) termination and RAFT cross-termination; columns: left to right: Comb 1 to Comb 3; For completeness, RAFT-intermediate radical rates in [Figure S5 of the Supporting Information](#app1-polymers-11-00320){ref-type="app"}.](polymers-11-00320-g014){#polymers-11-00320-f014}

polymers-11-00320-t001_Table 1

###### 

Overview of reactions and intrinsic rate coefficients for RAFT miniemulsion polymerization of styrene at 343 K, with initiator related coefficients based on KPS and a differentiation between RAFT exchange parameters: Combination 1--3 (slow RAFT fragmentation/high RAFT cross-termination/ideal RAFT agent). Further differentiation between reactions for a simplified degenerative model (DM) and non-degenerative model (NDM) as defined in [Figure 1](#polymers-11-00320-f001){ref-type="fig"}; an oligomeric styrene RAFT agent is assumed; all rate coefficients in L mol^−1^·s^−1^ except *k~dis~* and *k~frag,R0/I,R0/IX~*; also included interphase mass transfer parameters; for termination and RAFT exchange apparent rate coefficients are used ([Section S1 and S2 of the Supporting Information](#app1-polymers-11-00320){ref-type="app"}); ∨: considered.

  Reaction                                                             DM   NDM   Equation                                                                                                *Comb 1*                *Comb 2*                                                  *Comb 3*               *Ref*
  -------------------------------------------------------------------- ---- ----- ------------------------------------------------------------------------------------------------------- ----------------------- --------------------------------------------------------- ---------------------- -------
  ***Aqueous phase reactions***                                                                                                                                                                                                                                                                    
  **Diss.^(a),(b)^ of *I*~2~**                                         ∨    ∨     $I_{2,aq}\overset{f,k_{dis}}{\rightarrow}2I_{aq}^{\bullet}$                                             $2.2 \times 10^{- 5}$   \[[@B105-polymers-11-00320]\]                                                    
  **Chain ini *I***                                                    ∨    ∨     $I_{aq}^{\bullet} + M_{aq}\overset{k_{pI}}{\rightarrow}R_{1,aq}^{\bullet}$                              $4.9 \times ~10^{5}$    \[[@B113-polymers-11-00320]\]                                                    
  **Propagation ^(c),(d)^**                                            ∨    ∨     $R_{1,aq}^{\bullet} + M_{aq}\overset{k_{p}}{\rightarrow}R_{2,aq}^{\bullet}$                             $4.8 \times 10^{2}$     \[[@B114-polymers-11-00320]\]                                                    
  ***Organic phase reactions***                                                                                                                                                                                                                                                                    
  $\mathbf{Chain}\ \mathbf{ini}\ \mathbf{R}_{0}^{\bullet}$ **^(e)^**   ∨    ∨     $R_{0,p}^{\bullet} + M_{p}\overset{k_{pR_{0}}}{\rightarrow}R_{1,p}^{\bullet}$                           $4.8 \times 10^{2}$     \[[@B114-polymers-11-00320]\]                                                    
  **Propagation**                                                      ∨    ∨     $R_{i,p}^{\bullet} + M_{p}\overset{k_{p}}{\rightarrow}R_{i + 1,p}^{\bullet}$                            $4.8~ \times 10^{2}$    \[[@B114-polymers-11-00320]\]                                                    
  **Termination ^(f)^**                                                ∨    ∨     $R_{0,p}^{\bullet} + R_{0,p}^{\bullet}\overset{k_{tc,00}}{\rightarrow}P_{0,p}$                          $1.0~ \times 10^{9}$    \[[@B115-polymers-11-00320],[@B116-polymers-11-00320]\]                          
  **^(f)^**                                                            ∨    ∨     $R_{0,p}^{\bullet} + R_{i,p}^{\bullet}\overset{k_{tc,0}}{\rightarrow}P_{i,p}$                           $1.0~ \times 10^{9}$    \[[@B115-polymers-11-00320],[@B116-polymers-11-00320]\]                          
  **^(f)^**                                                            ∨    ∨     $R_{i,p}^{\bullet} + R_{j,p}^{\bullet}\overset{k_{tc}^{i,j}}{\rightarrow}P_{i + j,p}$                   $1.0~ \times 10^{9}$    \[[@B115-polymers-11-00320],[@B116-polymers-11-00320]\]                          
  **RAFT add/frag ^(i)^**                                                   ∨     $R_{0,p} + {(R_{i}X)}_{p}\overset{k_{add,R_{0},R_{i}X}}{\rightarrow}{(R_{0}XR_{i})}_{p}$                $1.0~ \times 10^{5}$    $1.0 \times 10^{6}$                                       $1.0~ \times 10^{7}$   ^(j)^
  **^(i)^**                                                                 ∨     $R_{i,p} + {(R_{j}X)}_{p}\overset{k_{add,R_{i},R_{j}X}}{\rightarrow}{(R_{i}XR_{j})}_{p}$                $1.0~ \times 10^{5}$    $1.0 \times 10^{6}$                                       $1.0 \times 10^{7}$    ^(j)^
  **^(i)^**                                                                 ∨     $R_{0,p} + {(R_{0}X)}_{p}\overset{k_{add,R_{0},R_{0}X}}{\rightarrow}\left( {R_{0}XR_{0}} \right)_{p}$   $1.0 \times 10^{5}$     $1.0~ \times 10^{6}$                                      $1.0~ \times 10^{7}$   ^(j)^
  **^(i)^**                                                                 ∨     $R_{i,p} + {(R_{0}X)}_{p}\overset{k_{add,R_{i},R_{0}X}}{\rightarrow}{(R_{i}XR_{0})}_{p}$                $1.0~ \times 10^{5}$    $1.0~ \times 10^{6}$                                      $1.0~ \times 10^{7}$   ^(j)^
  **^(a),(i)^**                                                             ∨     ${(R_{0}XR_{i})}_{p}\overset{k_{frag,R_{0},R_{i}X}}{\rightarrow}R_{0,p} + {(R_{i}X)}_{p}$               $1.0~ \times 10^{1}$    $1.0~ \times 10^{3}$                                      $1.0~ \times 10^{8}$   ^(j)^
  **^(a),(i)^**                                                             ∨     ${(R_{0}XR_{i})}_{p}\overset{k_{frag,R_{i},R_{0}X}}{\rightarrow}R_{i,p} + {(R_{0}X)}_{p}$               $1.0 \times 10^{1}$     $1.0 \times 10^{3}$                                       $1.0~ \times 10^{8}$   ^(j)^
  **^(a),(i)^**                                                             ∨     ${(R_{i}XR_{j})}_{p}\overset{k_{frag,R_{i},R_{j}X}}{\rightarrow}R_{i,p} + {(R_{j}X)}_{p}$               $1.0~ \times 10^{1}$    $1.0~ \times 10^{3}$                                      $1.0~ \times 10^{8}$   ^(j)^
  **^(a),(i)^**                                                             ∨     ${(R_{0}XR_{0})}_{p}\overset{k_{frag,R_{0},R_{0}X}}{\rightarrow}R_{0,p} + {(R_{0}X)}_{p}$               $1.0~ \times 10^{1}$    $1.0~ \times 10^{3}$                                      $1.0~ \times 10^{8}$   ^(j)^
  **RAFT cross-t^(i)^**                                                     ∨     $R_{i,p} + {(R_{j}XR_{0})}_{p}\overset{k_{tcross}}{\rightarrow}P_{i + j,p}$                             $0$                     $1.0 \times 10^{8}$                                       $0$ ^(k)^              ^(j)^
  **^(i)^**                                                                 ∨     $R_{i,p} + {(R_{j}XR_{k})}_{p}\overset{k_{tcross}}{\rightarrow}P_{i + j + k,p}$                         $0$                     $1.0 \times 10^{8}$                                       $0$                    ^(j)^
  **^(i)^**                                                                 ∨     $R_{i,p} + {(R_{0}XR_{0})}_{p}\overset{k_{tcross}}{\rightarrow}P_{i,p}$                                 $0$                     $1.0 \times 10^{8}$                                       $0$                    ^(j)^
  **^(i)^**                                                                 ∨     $R_{0,p} + {(R_{i}XR_{0})}_{p}\overset{k_{tcross}}{\rightarrow}P_{i,p}$                                 $0$                     $1.0 \times 10^{8}$                                       $0$                    ^(j)^
  **^(i)^**                                                                 ∨     $R_{0,p} + \left( {R_{i}XR_{j}} \right)_{p}\overset{k_{tcross}}{\rightarrow}P_{i + j,p}$                $0$                     $1.0 \times 10^{8}$                                       $0$                    ^(j)^
  **^(i)^**                                                                 ∨     $R_{0,p} + {(R_{0}XR_{0})}_{p}\overset{k_{tcross}}{\rightarrow}P_{0,p}$                                 $0$                     $1.0 \times 10^{8}$                                       $0$                    ^(j)^
  **RAFT exchange**                                                    ∨          $R_{i,p}^{\bullet} + R_{0}X_{p}\overset{k_{tr,0}}{\rightarrow}R_{i}X_{p} + R_{0,p}^{\bullet}$           $5.0 \times 10^{4}$     $5.0 \times 10^{5}$                                       $5.0 \times 10^{6}$    ^(g)^
                                                                       ∨          $R_{0,p}^{\bullet} + R_{i}X_{p}\overset{k_{- tr,0}}{\rightarrow}R_{0}X_{p} + R_{i,p}^{\bullet}$         $5.0 \times 10^{4}$     $5.0 \times 10^{5}$                                       $5.0~ \times 10^{6}$   ^(g)^
                                                                       ∨          $R_{i,p}^{\bullet} + R_{j}X_{p}\overset{k_{tr}}{\rightarrow}R_{i}X_{p} + R_{j,p}^{\bullet}$             $5.0 \times 10^{4}$     $5.0 \times 10^{5}$                                       $5.0 \times 10^{6}$    ^(g)^
  ***interphase mass transport***                                                                                                                                                                                                                                                                  
  **Entry of** $\mathbf{R}_{2,\mathbf{a}\mathbf{q}}^{\bullet}$         ∨    ∨     $R_{2,aq}^{\bullet}\overset{k_{entryR_{2}}}{\rightarrow}R_{2,p}^{\bullet}$                              $5.0~ \times 10^{7}$    ^(d),(h)^                                                                        

\(a\) s^−1^; (b) *f* = 0.2 (middle of literature \[[@B117-polymers-11-00320]\] range of 0.1--0.3); (c) considered equal to *k~p~* to a first approximation; (d) critical chain length for the entry of styrene is 2; (e) equal to *k~p~* due to oligomeric RAFT agent; (f) given value is that of $k_{t,app}^{1,1}$, see [Section S1 in the Supporting Information](#app1-polymers-11-00320){ref-type="app"} for monomer and chain length dependencies; only with termination by recombination; correction with factor 2 and based on previous work \[[@B115-polymers-11-00320],[@B116-polymers-11-00320]\]. (g) calculated from corresponding addition and fragmentation rate coefficients (Equation (6)--(8); (h) large values are assumed to reflect the strong entry rate of molecules possessing the critical chain length and values given for *d~p~* = 1.0 × 10² nm; (i) given value is the intrinsic rate coefficient, for calculation of the apparent rate coefficients see [Section S2 in the supporting information](#app1-polymers-11-00320){ref-type="app"}; (j) this work; (k) can be taken as 0 as kinetically insignificant ([Figure S1 of the Supporting Information](#app1-polymers-11-00320){ref-type="app"}).
